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SUMMARY 

Solar dynamic power systems are currently being considered as an electric 
power source for the proposed Space Station. A major advantage of solar 
dynamic systems Is the reduction In area for collecting solar energy to about 
1/3 or 1/4 that of photovoltaic arrays. This significantly Increases the 
field of view from the Space Station, enables easier access to the station, 
and reduces the amount of propellant required to maintain Space Station alti- 
tude, particularly since the station will be orbiting In low earth orbit 
(LEO). In addition, solar concentration has the potential to provide large 
quantities of thermal power for manufacturing processes In space. Where heat 
energy Is required, It Is several times more efficient to collect thermal 
energy directly than to use electric-resistance heating. 

An optical analysis of a parabolic solar collection system operating In 
earth orbit was performed using ray tracing techniques. The analysis Included 
the effects of: 

(1) Solar limb darkening 

(2) Parametric variation of mirror surface error 

(3) Parametric variation of mirror rim angle 

(4) Parametric variation of alignment and pointing error 

This ray tracing technique used numerical Integration to combine the 
effects of rays emanating from different parts of the sun at different Inten- 
sities with the effects of normally-distributed mirror-surface errors to com- 
pute the angular Intensity distribution of rays leaving the mirror surface. A 
second numerical Integration was then performed over the surface of the para- 
bolic mirror to compute the radial distribution of brightness at the mirror 
focus . 

Major results of the analysis Included: 

(1) Solar energy can be collected at high temperatures with high effi- 
ciency. For example, using a parabolic mirror of 60° rim angle that has a 
specular reflectivity of 0.9 and a surface error of 2 mllllradlans standard 
deviation, the net power Into an absorber at 1100 K (1500 °F) Is 8b percent of 
the solar power Intercepted by the mirror. 

(2) Higher absorber temperatures can be achieved at lower efficiencies, 
or higher efficiencies can be achieved at lower temperatures. Both tempera 
ture and efficiency can be Increased by Increasing mirror surface accuracy 
and/or mirror spectral reflectivity. 


(3) Collection efficiency Is near Its maximum level across a broad pla- 
teau of rim angles from 40° to 70°. At lower rim angles, the cause of reduced 
efficiency Is an Increase In distance from the mirror to Its focus; at higher 
rim angles, efficiency falls off because rays from the mirror's rim Impinge on 
the focal plane at grazing angles. 


INTRODUCTION 

Solar dynamic power systems are currently being considered as an electric 
power source for the proposed Space Station. A major advantage of solar 
dynamic systems Is the reduction In area for collecting solar energy to about 
1/3 or 1/4 that of photovoltaic arrays. This significantly Increases the 
field of view from the Space Station, enables easier access to the station, 
and reduces the amount of propellant required to maintain Space Station alti- 
tude, particularly since the station will be orbiting In low earth orbit 
(LEO). In addition, solar concentration has the potential to provide large 
quantities of thermal power for manufacturing processes In space. Where heat 
energy Is required. It Is several times more efficient to collect thermal 
energy directly than to use electric-resistance heating. 

Current-technology Ranklne, Brayton, and Stirling space power systems 
require high temperature (600 to 1100 K) thermal Input. Advanced-technology 
Ranklne, Brayton, and Stirling power systems may achieve superior performance 
with thermal Input temperatures up to 1500 K. Solar dynamic systems require 
concentration of sunlight to produce these temperatures. Achievable tempera- 
tures and efficiencies are a function of the concentrator geometry, alignment 
and tracking errors, mirror surface accuracy, and spectral reflectance. 

The analysis reported herein determines what efficiencies and tempera- 
tures are feasible and what mirror optical characteristics are required to 
achieve these performances. It Is an optical analysis of sunlight focused by 
a parabolic mirror Into an absorber orifice with blackbody re-radiation at the 
absorber temperature. Analysis of the solar absorber Itself and of thermal 
transport and distribution systems was not Included In this study, but would 
be needed to determine overall concept feasibility. 

Previous analyses of parabolic concentration for powering heat engines to 
generate electric power In space were done In the early 1960's (refs. 3, 10, 

17, and 33). Some of these analyses (such as ref. 10) used methods and assump- 
tions similar to those of the analysis reported herein. Results of these early 
analyses generally are In close agreement with this current analysis. However, 
this analysis, benefiting from Increased computer capability, was able to exam- 
ine more cases and produce more comprehensive results than were achieved In the 
earlier analyses of space concentrators. This Increased computer capability 
also enabled the Inclusion of solar limb darkening. Additional analyses have 
been performed In the late 1970' s ard early 1 980 ' s In support of terrestrial 
solar power systems. These terrestrial analysis Included such terrestrial 
phenomena as reduced solar Intensity, Intermittent Illumination, and atmos- 
pheric scattering. Thus, their results are not directly relevant to solar 
collection In space. 

A parabolic concentration system consists of several components which 
together determine the energy collection efficiency of the system and the 
attainable temperature; namely, the sun, the mirror, the absorber, and the 
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alignment and pointing system. This analysis studied each component and evalu- 
ated how the components Individually and collectively Influence system 
performance. 


ANALYSIS METHOD 

Light rays were traced from different areas of the sun to the parabolic 
mirror and then from subdivisions of the mirror to annular subdivisions of the 
focal plane. Brightness variations from the center to the less bright edge of 
the sun (ref. 1), known as solar limb darkening, were accounted for In the 
Intensities of the rays leaving the sun. Numerical Integration was used to 
combine these Intensities with a two-dimensional normal distribution of mirror 
surface errors to determine the angular Intensity distribution of rays leaving 
the mirror. These Intensities were then multiplied by the assumed 90 percent 
reflectivity of the mirror. 

A second numerical Integration (over the surface of the mirror) was per- 
formed to determine the brightness of each subdivision of the focal plane. A 
third numerical Integration was used to determine the flu/ In annular regions 
of an absorber orifice displaced due to alignment and pointing errors from the 
center of the focus. Blackbcdy radiation at the assumed absorber cavity tem- 
perature was subtracted from the radiation entering the cavity to calculate 
net power Into the absorber. Overall collection efficiency was calculated by 
dividing net power Into the absorber by total power Intercepted by the primary 
mirror. This enables evaluation of various collection system designs. 


Solar Limb Darkening 

The center of the sun Is about 50 percent brighter than the edge of the 
sun. This brightness variation Is due primarily to the fact that the sun con- 
sists of layers of radiating gases rather than a well-defined surface. The 
Astrophyslcal Observatory of the Smithsonian Institute has precisely measured 
the energy distribution over the solar disk. Angstrom and Angstrom (ref. 1) 
approximated this energy distribution by the following formula: 

I * Io (1. - 0.342 d 2 - 4 ) ( 1 ) 

where I is the energy Intensity at distance d (radii) from the center of 
the sun (0 < d < 1). Io Is the Intensity at the center of the solar disk. 

This formula Is plotted In figure 1. 

Assuming the mirror to be In Earth orbit, "air mass zero" solar flux of 
1.371 (kW/sq m) (ref. 24) was used In this analysis. The following equation 
was derived by Integrating equation (1) to represent the solar flux (F) from 
each 2 percent radius Increment solar annulus. (The sun was divided Into 50 
2 percent radius annuli for the numerical Integration.) 

F * 1.371(2.368 - 0.81 d 2 . 4 ) 0.02 d (2) 

The solar flux In each 2 percent radius Increment solar annulus computed from 
equation (2) Is plotted In figure 2. 
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Mirror Surface Errors 


This analysis assumed a two-dimensional normal circular probability dis- 
tribution of mirror surface error. The standard deviation of this distribu- 
tion was parameterized using values of 0, 0.0005, 0.001, 0.002, and 0.005 rad. 
The mirror surface error Is the local angular deviation of the mirror surface 
from the Ideal paraboloid. The resulting deviation In the reflected ray as 
shown on figure 3 Is twice the mirror surface error. The two-dimensional 
normal probability distribution Is represented by the formula: 

2 2 

d/ \ / / \„-0.5c /o 

oP(c) = (e/o)e 

In which P(c) Is the probability density of error c, a Is the standard devi- 
ation, and e Is the base of natural logarithms. This equation Is plotted In 
figure 4. 


Mirror Geometry 

The second numerical Integration In this analysis Integrated Intensity 
distributions from segments of the parabolic mirror. The distance from each 
segment to the focus and the angle with which each ray approaches the absorber 
orifice were taken Into account. 


Alignment and Pointing Errors 

This analysis assumed that the collection system would be designed to 
operate at full power with a given maximum alignment and pointing error. The 
maximum error was varied parametrically with four values of mlsorlentatlon 
(2.5, 5.0, 7.5, and 10.0 mllllradlans) . For each of these values, the flux 
falling on annular regions of an absorber orifice mlsorlented from the Image 
of the sun was calculated by numerical Integration. 


RESULTS 

Optimum system geometry and the overall system performance are governed 
by the errors Inherent to each component comprising the system. The sun, 
although not truly a part of the collection system, limits the attainable col- 
lection efficiency because It provides a limited thermal flux and Is a radi- 
ating gaseous sphere rather than a point source. The mirror absorbs part of 
the solar energy, and because It Is not a perfect paraboloid, slightly mis- 
directs the reflected energy. Collection efficiency Is also Influenced by the 
"rim angle" of the mirror, which Is the angle between the mirror axis and a 
line from the focus to the mirror rim. The absorber orifice Is the entrance 
for solar radiation Into the absorber cavity, but It also allows radiation to 
escape. Errors In alignment and pointing cause less of the solar energy to 
enter the absorber and thereby reduce collection efficiency. The following 
discussion and figures show the Impacts of each of these factors on system 
performance. 
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Angular Flux Distribution Leaving Mirror 

The first Integration computed the Intensities of reflected rays based on 
their angular deviation from an Ideal ray reflected towards the center of 
focus. The angular deviation of each reflected ray Is the vector sum of the 
angular deviation of the source of the ray from the center of the sun plus 
twice the angular deviation of the portion of the mirror reflecting the rays 
from a perfect parabola. Figure 5 shows curves of flux leaving the mirror 
surface versus angular deviation for mirror surface errors with standard devi- 
ations of 0.0, 0.5, 1.0, 2.0, and 5.0 mllllradlans . These standard deviations 
apply to both the radial and the tangential components of the two-dimensional 
normal circular probability distribution of mirror surface error. The 0 mil 1 1- 
radlan curve Is the same as the curve on figure 2 except for the 10 percent of 
the flux that was absorbed at the mirror surface. 

The curve with 0.5 mllllradlans of mirror surface standard error Is quite 
similar, showing a slightly lower peak flux and a tailing off less abrupt than 
the dropoff of the 0 mllllradlan curve. Above 1 mllllradlans of mirror surface 
standard error, both the angular dispersion of sunlight and the mirror surface 
errors are Important In determining the resulting dispersion of the reflected 
flux. Five mllllradlans of mirror-surface standard error drastically spreads 
the reflected flux. 


Radial Distribution of Power at the Focal Plane 

Radial distribution of power at the focal plane represents the output of 
concentrator optics and the Input to absorber thermodynamics. The angular 
distribution of flux leaving the mirror and the distance and angle from each 
portion of the mirror to the focus determine the power distribution at the 
focal plane. Variations of this distribution with mirror geometry parameters 
enable optimization of the mirror geometry. This power distribution also 
Influences absorber design by showing what power Intensities the absorber must 
accommodate. 

Curves of the percent of power In each one-thousandth mirror diameter 
annulus are plotted In figure 6. The curves are for 0.0, 0.5, 1.0, 2.0, and 
5.0 mllllradlans standard deviation, two-dimensional normal circular probabil- 
ity distribution of mirror surface error. The curves are quite similar to the 
curves of angular distribution of flux leaving the mirror which were plotted 
on figure 5. The scaling Is different from figure 5 In that different vari- 
ables are plotted on the axes. 

The Important difference between figures 5 and 6 Is that figure 6 Includes 
the effects of mirror geometry. Flux from the rim of the mirror travels fur- 
ther and strikes the focus more obliquely than flux from the center of the 
mirror. The effect of this Is most noticeable on the curve wit ■ no mirror 
surface error. On figure 5, the curve dropped to zero abruptly after reaching 
Its peak. On figure 6, the curve starts down abruptly, but then approaches 
the x-axIs asymptotically. The Initial dropoff on figure 6 corresponds to the 
edge of the sun's Image reflected from the center of the mirror. The sun's 
Images from other parts of the mirror extend out Into the tapering off region 
of this curve. 
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Brightness of Annular Regions of Focal Plane 

The flux In figure 5 and the power In figure 6 are based on annular 
regions, which Increase In size proportional to the radius. The power per 
unit area or brightness of the annular regions around the focus Is plotted In 
figure 7. The curves are plotted as a function of the ratio of focus diameter 
to mirror diameter In order for the results to be Independent of mirror 
diameter. 

In figure 7, the curve for zero standard error Is shaped by two factors: 
the distribution of brightness over the solar disk and the obliquity with 
which each element of the mirror surface views the focal plane. Within the 
Ideal Image; l.e., for a diameter ratio less than 0.004, the Intensity would 
be constant except for the effects of solar limb darkening. Following a zone 
of steep decline at a diameter ratio above 0.004, Intensity tails off to zero 
at a diameter ratio of 0.0108. This tailing off Is due to rays deflected by 
the outer regions of the mirror striking the focal plane obliquely. 

The curve for 0.5 mllllradlans of mirror surface error Is very close to 
the curve of zero surface error. It Is about 5 percent less bright for diame- 
ter ratios less than 0.005 and a similar amount brighter for larger diameter 
ratios. 

The curves for 1, 2, and 5 mllllradlans snow the strong effect of mirror 
surface error on the brightness at the focus. Note that with 5 mllllradlans 
of mirror surface error, the Image of the sun Is thoroughly smeared. The 
Intensity of the sun's Image Is only about 10 percent of that for zero mirror 
surface error. The other 90 percent of the power Is spread out beyond this 
area. However, even a 5 mllllradlan mirror may be adequate for moderate- 
temperature solar-energy collection. 


Reradiation Loss From Absorber 

Reradiation loss Is a major cause of Inefficiency In high temperature 
solar energy collection. As blickbody radiation Is assumed, these losses are 
proportional to the area of the absorber orifice and to the fourth power of 
the absorber temperature. The power loss per unit area of absorber orifice Is 
shown on figure 8. A second curve shows the energy loss per 96 min orbit. 

This energy loss curve assumes that the orifice Is not covered during the 
36 min In the shadow of the earth and Is allowed to radiate to space. 


Optimum Orifice Diameter 

The absorber orifice admits light energy from the mirror Into the absorber 
cavity. However, It also permits energy to escape from the cavity by radiating 
to space. The optimum orifice diameter maximizes the net energy Input Into the 
absorber. 

The tradeoff between enlarging the orifice to admit more light energy and 
reducing It to prevent energy from escaping Is Illustrated on figure 9. This 
figure shows percent of power In each 0.1 percent mirror radius Increment annu- 
lus for a 60° rim angle parabolic mirror with surface error standard deviation 
of 2.0 mllllradlans. This Is the same curve as the curve for 2.0 mllllradlans 
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surface error plotted In figure 6. Also shown In figure 9 Is power radiated 
at an absorber temperature of 1100 K In each 0.1 percent annulus, which 
Increases linearly with annulus radius. The optimum orifice diameter Is at 
the Intersection of the two lines. The percentage subdivision of power can be 
determined directly from figure 9. As mentioned previously, 10 percent of the 
Incident solar power was assumed absorbed by the mirror. The triangular area 
of collected but reradiated power represents 4 percent of the Incident power. 
The power not captured, because the optimum orifice Is too small to capture 
all of the reflected radiation, Is 1 percent of the total. The net energy 
captured for this case Is 85 percent of the solar radiation Incident on the 
mirror. 

Lines representing the reradiation loss at 700, '•100, 1500, and 1900 K 
were added to figure 6 to create figure 10. Using this figure, the optimum 
diameter ratio can be determined for these absorber temperatures and for 
mirror surface errors of 0.0, 0.5, 1.0, 2.0, and 5.0 mllllradlans standard 
deviation. 


Efficiency with no Pointing Error 

Solar collection efficiencies using the optimum orifice diameters deter- 
mined as shown In figure 10 are plotted In figure 11. Curves of efficiency 
versus mirror surface error are plotted for four values of absorber tempera- 
ture, 700, 1100, 1500, and 1900 K. Reradiation loss Is based on 60 min of 
sunlight and 36 min of eclipse with the absorber orifice open. Mirror surface 
error Is varied from 0 to 5 mllllradlans. 

A moderate temperature, 1100 K, absorber Is shown In figure 11 to have 
high efficiency, 75 to 89 percent, for mirror errors from 0 to 5 mllllradlans. 
Higher temperature absorbers are more sensitive to mirror accuracy because 
reradiation losses per unit absorber area Increase with the fourth power of 
the absorber temperature. At 1900 K, collection efficiency falls from 83 per- 
cent at 0 mlTMradlans mirror error to 30 percent at 5 mllllradlans. Thus, 
efficient energy collection requires a fairly accurate mirror at high tempera- 
ture (0.5 mllllradtan for 80 percent at 1300 K), but can be achieved with a 
less accurate mirror at moderate temperature. 


Efficiency Versus Rim Angle 

As mentioned previously, rim angle Is the angle formed between the axis 
of the mirror and a line from the focus to the rim (edge) of the mirror. Pre- 
vious curves and discussion In this report assumed a 60° rim angle. This Is 
close to optimum, but there are tradeoffs to be made. Larger rim angles bring 
the mirror closer to the focus for a given mirror diameter, but also cause 
rays from the edge of the mirror to strike the focus more obliquely. 

Image Intensity Is plotted as a function of Image radius on figure 12(a) 
assuming no mirror slope error and on figure 12(b) assuming standard deviation 
of 2 mllllradlans In mirror slope error. Six curves are plotted on figure 
12(a) and six on figure 12(b), corresponding to six values of rim angle, 15°, 
30°, 45°, 60°, 75°, and 90°. On these figures, Image radius Is normalized to 
focal length. Therefore, the difference between two curves represents the 
Image Intensity that would be contributed by the region of the mirror between 
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the two rim angles. Note that Increases of rim angle with small rim angle; 
e.g. ( from 15* to 30*, cause Image Intensity to Increase almost uniformly and 
Image radius to Increase only slightly. However, Increases of rim angle with 
large rim angle; e.g., from 75* to 90*, causes a smaller Increase In Inten- 
sity, but Image radius Increases dramatically. The efficiencies of solar col- 
lection with small rim angles Is therefore reduced because of the low Image 
Intensity, and with large rim angles, efficiency Is reduced because of the 
large Image size. 

Efficiency versus rim angle with an 1100 K absorber Is plotted on 
figure 13 for mirrors with standard deviations of surface error of 0. 0.5, 

1.0, 2.0, and 5.0 mllllradlans. Accurate mirrors (0 to 1 mllllradlans) are 
most efficient at low values (45°) r.f rim angic. This Is shown on figure 13 
to be only 0.02 or 0.03 higher t'lar the efficiencies at 30* and 75*. Inaccu- 
rate mirrors (2 to 5 mllllradlan;) are most efficient at rim angles of about 
55*. Note on figure 13 that efficiency at 30* with 5 mllllradlans surface 
error Is only three-fourths the efficiency at 55*. 

Other factors In addition to maximum efficiency also Influence the choice 
of "optimum" rim angle. Power system configuration may be Improved by Increas- 
ing rim angle to bring the focal point closer to the mirror. However, Increas- 
rlm angle Increases mirror curvature which may Increase fabrication costs and 
packaging volume. Increased packaging volume may Increase transportation 
costs. The ratio of mirror surface area to frontal area also Increases with 
Increasing rim angle. This ratio plotted on figure 14 Increases by almost 
22 percent as rim angle Increases from 0* to 90*. 

In choosing optimum mirror rim angle, the energy collected by each unit 
of mirror surface area may be more Important that the efficiency of collecting 
the Intercepted sunlight. The power collected per square meter of mirror sur- 
face Is shown on figure 15. For accurate mirrors (0 to 1 mllllradlan surface 
error) highest power to surface area occurs at about 30° Instead of the 45* 
highest efficiency "Im angle that was shown on figure 13. Inaccurate mirrors 
(2 to 5 mllllradlans) have highest power to area at 45° although highest effi- 
ciency was at 55*. 


Mirror Pointing Error 

Ideally, the center of the focused light should be at the center of the 
absorber orifice. However, due to errors of alignment of the mirror relative 
to the absorber and of pointing of the mirror towards the sur,, practical sys- 
tems will have a total alignment and pointing error. This analysis did not 
evaluate the costs associated with minimizing the error on a continuous basis 
as the spacecraft orbits the earth. Also, the analysis did not evaluate the 
chromatic aberration that would enlarge the Image If large pointing errors 
were balanced by equal and opposite alignment changes. Instead, error was 
parameterized, and the effect of different erroi on radial distribution of 
power at the absorber was determined. Future analysis could compute the costs 
of maintaining these values of error and compare the costs with the effect on 
distribution of power at the absorber. 

Curves of radial distribution of power for 2 mllllradlans of mirror sur- 
face error and various values of mirror alignment and pointing error are shown 
on figure 16. Note that alignment and pointing r - urs represent errors In 
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the position of the absorber or of the sun relative to the mirror axis. Five 
values of error corresponding to Image displacements of 0, 0.0025, 0.005, 
0.0075, and 0.01 focal lengths from the center of the absorber are represented 
by the five curves on this figure. The largest displacement, 0.01 focal 
lengths, displaces the Ideal Image by about one solar diameter. The radial 
distributions of power were determined by Integrating the power of the portion 
of the Image contained In each annulus of the absorber. The curve of 0 ml 1 1 1- 
radlans alignment and pointing error was also shown on figure 6. Figure 16 
shows that as you add alignment and pointing error there are two effects. The 
major effect Is a shifting of the curves to larger diameter ratios as displace- 
ment Increases from 0 to 0.01 focal lengths. The second, less significant, 
effect Is a reduction In the peak value of the curves. 


Efficiencies with Various Alignment and Pointing Errors 

The optimum orifice diameters were recomputed to maximize efficiency with 
each value of Image displacement. The resulting efficiencies for optimized 
systems with constant Image displacements of 0, 0.0025, 0.005, 0.0075, and 
0.01 focal lengths are plotted on figure 17. Alignment and pointing errors 
shift the focus of the collected energy away from the center of the absorber. 
This Increases the optimum absorber orifice diameter, thus Increasing reradi- 
ation losses and decreasing collection efficiency. The magnitude of the effi- 
ciency change varies with temperature as can be seen by comparing figure 17(a) 
at 700 K, figure 17(b) at 1100 K, figure 17(c) at 1500 K, and figure 17(d) at 
1900 K. Each of these figures shows five curves representing Image displace- 
ments of 0, 0.0025, 0.005, 0.0075, and 0.01 focal lengths. The curves show 
efficiency as a function of mirror surface error. 

Figure 17(a) shows that with an absorber temperature of 700 K, Image dis- 
placements of 0 to 0.01 focal lengths have little effect on system efficiency. 
It Is difficult to resolve the five curves, but the top curve (greatest effi- 
ciency) represents zero alignment and pointing error, and the bottom curve 
represents 0.01 focal lengths of Image displacement. At 1100 K on figure 
17(b), there Is an efficiency decrease of about 3 percent with an Image dis- 
placement Increase from 0.0 to 0.01 focal lengths. At 1500 K on flgjre 17(c), 
there Is a greater decrease In efficiency; about 6 percent for a displacement 
of 0.01 focal lengths. Note also on figure 17(c) that the top curves are 
closely spaced, and the bottom curves are further apart. This Indicates that 
the effect of alignment and pointing errors Is nonlinear; l.e.. Increasing 
Image displacement from 0 to 0.0025 focal lengths has much less effect than 
Increasing displacement 0.0075 to 0.01 focal lengths. The curves In figure 
17(d) at 1900 K also show this nonlinear effect. The decrease In efficiency 
at 1900 K Is about 15 percent for an Increase In Image displacement from 0.0 
to 0.01 focal lengths. 


CONCLUDING REMARKS 

This report describes an optical analysis of solar concentration which 
determined feasible collection performances and required mirror optical char- 
acteristics to achieve these performances. The analysis considered sunlight 
focused by a parabolic mirror Into an absorber orifice with blackbody reradia- 
tion losses through this orifice. Additional analysis. Including costs of 
achieving the optical characteristics, thermal losses associated with 
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transpiring thermal energy from the absorber to the end use, and comparative 
performance of alternate power conversion systems Is required to choose a spe- 
cific optical design and to establish overall system feasibility. 


Mirror Surface Accuracy 

As highly accurate mirror surfaces and mirror tracking systems are being 
developed for space based telescopes, total errors much less than 1 mllllradlan 
are possible for a solar collection system. With 1 mllllradlan variance mirror 
error and 90 percent mirror reflectivity solar energy can be collected at high 
temperature (1100 K) and high efficiency (88 percent). Increasing mirror accu- 
racy to obtain high efficiency reduces mirror area but may Increase collector 
system purchase, fabrication, and launch costs. Allowing 5 mllllradlan vari- 
ance of mirror surface error for an 1100 K collection system might reduce the 
overall costs even though with a 72 Dercent collection efficiency, the mirror 
would need to be about 20 percent larger than with 1 mllllradlan surface error 
and an 88 percent collection efficiency. Choosing the optimum mirror surface 
error thus Involves a tradeoff between benefits of reduced mirror area and the 
Increased difficulty of producing a more accurate mirror. 


Absorber Radius and Rim Angle Optimization 

Accurate mirrors have h1», K *st efficiency at low values ( 45* ) of rim angle, 
but this Is only 2 or 3 percent higher than the efficiency at any rim angle 
between 30° and 75°. Inaccurate mirrors (2 to 5 mllllradlans error) are some- 
what more sensitive to rim angle. Their optimum efficiency occurs at about 
55 # and efficiency declines about 25 percent If the rim angle Is decreased to 
30* with 5 mllllradlans of mirror surface error. 

Absorber radius Interacts with the other optical parameters In determin- 
ing the optimum collection system design. But If values are assigned to mir- 
ror surface error, mirror rim angle, mirror alignment and pointing error, and 
absorber temperature, the optimum absorber radius can be determined as follows. 
The optical properties of the mirror system determine the radial distribution 
of power at the absorber. The absorber temperature determines the radial dis- 
tribution of reradiated power. The optimum absorber radius Is the radius at 
which the Incremental absorbed power equals the Incremental reradiated power. 


Major Results of the Analysis 

1. Solar energy can be collected at high temperature: with high effi- 
ciency. For example, using a parabolic mirror of 60* rim angle that has a 
specular reflectivity of 0.9 and a surface error of 2 mllllradlans standard 
deviation, the net power Into an absorber at 1100 K (1500 *F) Is 06 percent of 
the solar power Intercepted by the mirror. 

2. Higher absorber temperatures can be achieved at lower efficiencies or 
higher efficiencies can be achieved at lower temperatures. Both temperature 
and efficiency can be Increased by Increasing mirror surface accuracy and/or 
mirror spectral reflectivity. 
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3. Collection efficiency Is near Its maximum level across a broad plateau 
of rim angles from 40* to 70*. At lower rim angles, the cause of reduced 
efficiency Is an Increase In distance from the mirror to Its focus; at higher 
rim angles, efficiency falls off because rays from the mirror's rim Impinge on 
the focal plane at grazing angles. 
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Figure 1.- SoU intensity varia- 
tion. limb darkening. 
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Figure 2.- Solar flux from each 2% radius annulus. 
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Figure 3. - Error In reflected ray is twice surface slope error. 
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Figure 4.- Two dimensional normal probability distribution of mirror slope 
errors. 
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Figure 5. - Reflected flux in each 0.093 nillliradian annulus. 
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Figure 8.- Reradiation loss Irom absorber. 
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Figure 9. - Opt imum orifice diameter. 
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Figure 10. - Energy captured at various mirror accuracies and 
absorber temperatures. 



Figure 11.- Efficiency vs mirror error with optimum absorber dia- 
meter. 
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Figure 12.- Image intensity for various rim angles. 
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Figure 14. - Ratio of parabolic mirror surface area to frontal area. 



Figure li.- Power collected per square meter of mirror surface as 
a function of rim angle. 
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Figure 16. - Effect of mirror pointing error on distribution of power 
on the focal plane. 
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Figure 17. - Efficiency vs mirror surface error with various al la- 
ment end pointing errors. Rim angle Mdegreesj reflectivity: 0.9* 
absorber orifice open during eclipse. 
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